Platelet-activating factor (PAF-acether), an inflammatory mediator with a wide range of biological activities including neutrophil aggregation and chemotaxis, was studied for its effect on human eosinophil locomotion (chemotaxis and chemokinesis). Human eosinophils (25-95% purity) were obtained from donors with a variety of diseases associated with hypereosinophilia.
Introduction
Platelet-activating factor (PAF)1 or here PAF-acether, identified as l-O-alkyl-2-acetyl sn-glycero-3-phospho-choline (1) , is a potent inflammatory mediator with a wide range of biological activities (2) . It was originally identified in supernatants from sensitized rabbit basophils challenged with antigen (3) but has since been shown to be generated by several human cell types including macrophages, neutrophils, eosinophils, and endothelial cells after a variety of physiologic and nonphysiologic stimuli (4) (5) (6) (7) . Its biological activities in human tissue include platelet aggregation and secretion (8) , bronchoconstruction (9) , monocyte chemotaxis (10), and inflammatory changes in skin (1 1). Its effects on neutrophils have been studied in detail and include chemotaxis and 1 . Abbreviations used in this paper: ECF-A, eosinophil chemotactic factor of anaphylaxis; hpf, high power field; HPLC, high-performance liquid chromatography; LTB4 and LTC4, leukotrienes B4 and C4; PAF-acether, platelet-activating factor. chemokinesis, aggregation, and degranulation (12, 13) . In contrast, there have been few reports of its effects on eosinophils. A recent study has suggested that it may enhance leukotriene C4 (LTC4) release from eosinophils (14) , and in animal models, inhalation of PAF has caused an increase in the percentage of eosinophils recovered in bronchoalveolar lavage (15) . There have not been any detailed reports of its effects on eosinophil chemotaxis, although one investigator suggested it had only a minimal effect (16). For these reasons we have investigated the effect of PAF-acether on eosinophil locomotion (chemotaxis and chemokinesis) and have compared the effects of PAF-acether with lyso-PAF (an immediate precursor and metabolite of PAFacether) in addition to a number ofdocumented and chemically characterized eosinophil chemoattractants.
Methods
Reagents and buffers. Synthetic PAF-acether (C(16) and lyso-PAF (C(16) (Bachem U. K. Ltd., Saffron Waldon, Essex, U. K.) were dissolved in chloroform/methanol (9:1) and stored at -80°C until required. Leukotriene B4 (LTB4), a generous gift from Dr. Rokach (Merck Frosst Laboratories, Quebec, Canada), was dissolved in methanol at -80°C. The purity of the synthetic PAF-acether and LTB4 was determined by highperformance liquid chromatography (HPLC). PAF-acether coeluted as a single peak with [3H]PAF-acether (Amersham International, Amersham, Bucks., United Kingdom) using the method described by Jackson et al. (17) . Straight-phase HPLC was performed on a 5-tum spherical silica liquid chromatography column (25 cm X 4.6 mm) (Anachem Ltd., Luton, Beds., United Kingdom) and eluted at 2 ml/min with acetonitrile/ methanol/85% phosphoric acid (130:5:1.5 [vol/vol/vol]) as an eluting solvent. Column eluents were monitored at 203 nm and synthetic PAFacether was assayed by platelet aggregation. Markers used were phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin. Synthetic LTB4 coeluted as a single peak with [3H]LTB4 (New England Nuclear, Southampton, United Kingdom) on HPLC performed as described previously ( 18) . Other reagents used and their sources were as follows: histamine dihydrochloride, valine-glycine-serine-glutaminic acid (Val-GlySer-Glu), alanine-glycine-serine-glutaminic acid (Ala-Gly-Ser-Glu), bovine serum albumin grade V, and chicken egg albumin grade VI (Sigma Chemicals Ltd., Poole, Dorset, United Kingdom); Ficoll-Paque (Pharmacia Fine Chemicals AB, Uppsala, Sweden); Dextran 1 10 Injection BP (Fisons Pharmaceuticals, Loughborough, United Kingdom); heparin sodium 1,000 U/ml (Paine & Byrne Ltd., Greenford, United Kingdom).
Buffers were RPMI 1640 with 25 mM Hepes and L-glutamine (Gibco Ltd., Paisley, Scotland)-supplemented with Ca2l and Mg2" to a concentration of 10-3 M Hanks' balanced salt solution without NaHCO3 (Gibco Ltd.).
Chemotaxis chambers. Macrochemotactic chambers consisted of upper chambers, Kay tubes (Technical Moulding Services Ltd., Midlothian, Scotland), lower chambers, polyethylene specimen tubes PST-101 (Camlab Ltd., Cambridge, United Kingdom), 8-,um nitrocellulose filter paper (Sartorius Instruments Ltd., Belmont, Surrey, United Kingdom), and 48-well microchemotaxis chambers (Neuro Probe, Inc., Cabin John, MD).
Preparation ofeosinophils and neutrophils. Blood was obtained from volunteers with an eosinophilia resulting from a variety of causes and separated by sedimentation with Dextran for 45 min at room temperature using heparin (20 U/ml) as an anticoagulant. The leukocyte-rich plasma was layered on a cushion of Ficoll-Paque and centrifuged at 300 g for 20 min. Erythrocytes in the granulocyte-rich pellet were lysed using ammonium chloride buffer and the granulocytes were washed twice in Hanks' (pH 7.4) at l50gfor 10 min at +40C. The cells were resuspended in RPMI 1640, and the total number ofcells and percentage ofeosinophils were counted in a modified Neubauer chamber using Kimura's stain (19) . Granulocytes were diluted to 2 X 106 cells/ml ready for use in the chemotaxis assay.
Locomotion assay. Locomotion was assessed using a modified Boyden chamber, as previously described (20) . In brief, 1 ml of cell suspension in 0.4% ovalbumin was placed in the upper chamber separated from 0.8 ml of chemoattractant in the lower chamber by an 8-Mm nitrocellulose filter. Solutions of PAF-acether, lyso-PAF, and LTB4 were evaporated over nitrogen and redissolved in RPMI + 0.25% bovine serum albumin (BSA). Histamine and the eosinophil chemotactic factor of anaphylaxis (ECF-A) tetrapeptides were also dissolved in this buffer. The pH of the buffer was adjusted to 7.4 after addition of the chemoattractant where necessary. The chambers were placed in a box to minimize evaporation and incubated at 370C for 3 h in a dry incubator, unless otherwise stated.
Diluent controls were included in each assay. The filters were then washed in normal saline, and fixed in saturated mercuric chloride/ethanol (50: 50) for a minimum of 45 min, before being stained with hemotoxylin and chromotope 2R. In neutrophil chemotaxis experiments, neutrophils were prepared in the same way, using blood from normal volunteers with a lI/2-h incubation period. Filters were fixed in industrial methylated spirits for 45 min and stained with hematoxylin. The filters were then mounted and left overnight at +4°C before counting. Each assay was performed in duplicate and the filters were randomly coded by an independent investigator and read in a blind fashion. The number of cells that had migrated through to the underside of the filters in the area of a graticule on the X 40 objective were counted. Results were expressed as the number ofcells per 10 high power fields (hpf). The intra-assay coefficient of variation was 13% and duplicates did not differ from the mean by >12.5%.
The eosinophils used in the method described above consist of a mixture ofnormal density and low density eosinophils (21) . It was possible that these two cell populations may exhibit different responsiveness to a chemotactic stimulus. To investigate this we prepared homogeneous populations of eosinophils using a discontinuous metrizamide gradient (22) and assessed the response ofthe eosinophils to PAF-acether and the other chemoattractants using a microchemotaxis method (23) . In brief, for the normal density eosinophils, blood was obtained from donors with an eosinophilia of -10% and normal density (specific gravity > 1.1287 g ml-') eosinophils of45-80% purity were obtained from the metrizmide gradient. The cells were lysed and washed as above and were placed in the upper part of the chamber at a concentration of 4 X 106 cells/ml separated by a nitrocellulose filter from the lower half. The chamber was incubated for 1½/2 h in a CO2 incubator and the filter was stained and counted as above, each assay being performed in triplicate. The intraassay coefficient ofvariation was 10%. Light density eosinophils (specific gravity 1.1177 g ml-'; purity 28-80%) were obtained from patients with an eosinophilia of >30% and prepared in the same way. In a further set of experiments using normal density eosinophils prepared as above, we investigated the influence of the contaminating neutrophils on PAFacether-induced eosinophil chemotaxis. Eosinophils of>90% purity were mixed with neutrophils from the same metrizmide gradient to compare the degree ofeosinophil locomotion to PAF-acether with the percentage of contaminating neutrophils.
Assays within each experiment were performed on different eosinophil donors and comparison of chemoattractants was performed as part of the same assay. A total of nine donors were used in the macro-Boyden chamber method and 10 donors for the experiments involving the microchemotaxis method. Neither the cause of the eosinophilia nor the medications the donors were taking, including corticosteroids in some cases, appeared to have any influence on the locomotive response of the eosinophils.
Statistics. Locomotion of eosinophils to PAF-acether and other chemoattractants was compared using the two-tailed paired Student's t test. Comparison ofthe effect ofchemokinesis and chemotaxis was performed using a three-way analysis of variance.
Results
PAF-acether had a marked effect on eosinophil locomotion over a wide dose range when compared with lyso-PAF which had a negligible effect. PAF-acether was active between Io-' and IO-' M, with optimum effect at 10-6 M. We have also confirmed that PAF-acether causes neutrophil locomotion with a similar doseresponse curve to eosinophils and that lyso-PAF has minimal effect (Fig. 1) . Compared with LTB4, PAF-acether was considerably more effective for eosinophils. Both mediators caused similar degrees of neutrophil locomotion but LTB4 had an optimum effect at a 10 times lower concentration than PAF-acether (Fig. 2 ).
PAF-acether had considerably greater effect on eosinophil locomotion than either histamine or the two ECF-A peptides, Val-Gly-Ser-Glu and Ala-Gly-Ser-Glu (Fig. 3) . The effect ofthese three established chemoattractants was inconsistent and negligible.
The Boyden chamber technique does not distinguish between random motility (chemokinesis) and directional movement (chemotaxis) (24) . To separate the relative contributions ofchemokinesis and chemotaxis to PAF-acether-induced eosinophil locomotion, we compared locomotion observed with equal concentrations ofPAF-acether above and below the filter (when any migration observed will be due to chemokinesis) with locomotion observed with PAF-acether only in the lower well (where migration will be due to a combination of chemokinesis and chemotaxis) (Fig. 4) . There was a significant difference (P < 0.01) between the two modes oflocomotion, showing that PAF-acether has both chemokinetic and chemotactic effects in common with most chemotactic factors.
In order to establish that the counts were not influenced by cells becoming detached from the underside of the filter, we performed a time course ofincubation. This indicated that there was an increase in the number ofeosinophils migrating through the filter up to 3 h with no change in the relative effects of PAFacether and LTB4 (Fig. 5) . There was no qualitative difference in the response of normal density and light density eosinophils to PAF-acether or the other chemoattractants (Fig. 6 ). PAF-acether in each case was considerably more potent than the other chemoattractants that demonstrated an inconsistent response, which, in the case of histamine and the two ECF-A tetrapeptides, was no greater than background. There appeared to be a greater locomotory response by light density compared with normal density eosinophils to PAF-acether and LTB4. However, direct comparisons of cell counts between light and normal density eosinophils are not reliable due to the considerable interassay coefficient of variation and because the eosinophils were obtained from different donors. It proved impossible to obtain eosinophils of both types in sufficient numbers from the same donor. Mixing eosinophils with varying numbers of neutrophils demonstrated that reducing the number of eosinophils in the upper chamber was associated with a reduction in the number of eosinophils migrating through the filter under the influence of PAF-acether (Table I) . This demonstrates that it is unlikely PAF-acether exerts its effect on eosinophils through stimulation of release of neutrophil-derived mediators. 
Discussion
Eosinophils are thought to play an important part in the pathogenesis ofseveral diseases, particularly those associated with helminthic parasitic infections and allergic inflammation (25) . Recent studies have reinforced the view that eosinophils have a potentially damaging role in that they have been shown to be capable of releasing several inflammatory mediators including LTC4 (26) and PAF-acether (6), as well as granule-derived proteins such as major basic protein. Major basic protein, for example, has been shown to damage tracheal epithelium and causes degranulation ofmast cells (27, 28) function, and airway hyperreactivity (29, 30) . Several studies of bronchoalveolar lavage in asthmatics have shown eosinophils and eosinophil granule products to be present in increased numbers when compared with controls (31-33), particularly during a late response to antigen challenge (34, 35) . Despite the potential importance of eosinophils in allergic disease, it is still unclear as to which mediators are responsible for attracting eosinophils to the site of inflammation. Since the discovery of an eosinophil chemotactic activity of anaphylaxis (ECF-A) in supernatant from human chopped lung challenged with antigen (36), many eosinophilotactic agents have been described that may be relevant in allergic disease (37) . Most ofthe activity in the challenged lung supernatants resides in the low molecular weight fraction 360-1,000. Two tetrapeptides, valineglycine-serine-glutaminic acid and alanine-glycine-serine-glutaminic acid, were derived from human lung by extraction with butanol/acetic acid or 1 M NaCl, and these have been considered to comprise part ofthe activity contained in the challenged lung supernatants (38) . However, the activity of these peptides was variable in the dose-response pattern and ineffective with the cells of some donors (39) . Other possible contributors to the ECF-A activity include histamine, which has been reported as having eosinophilotactic activity (40) , and LTB4, which is generally regarded as being the most potent fully characterized mediator of eosinophil locomotion so far described (41) .
We have found that LTB4 has an effect on eosinophils similar to that described by Nagy et al. (41) , both in terms of absolute counts and the relative effectiveness of LTB4 for neutrophils and eosinophils. LTB4 did not, however, show a clear dose-dependent effect. One explanation for this may be a differential effect on light density and normal density eosinophils inasmuch as a clearer pattern was observed with a homogeneous population of light density eosinophils. The effect of each of these mediators on eosinophil locomotion was minimal compared with PAF-acether over a dose range of 10-8 to 10-6 M. The negligible effect of lyso-PAF is consistent with the effect of PAF-acether and lyso-PAF in other biological systems, such as platelet activation where lyso-PAF is inactive (8) . PAF-acether has been shown to be generated by a number of human cell types including neutrophils, eosinophils, platelets, macrophages, and possibly mast cells (2) . It is difficult to relate amounts of PAF-acether generated by cells in vitro to the likely concentrations found at inflammatory sites in vivo. In addition, there are few studies which have quantified PAFacether generation in vivo. Nevertheless, neutrophils and normal density eosinophils have been shown to release 1 ng of PAFacether per 106 cells after stimulation with the calcium ionophore A23 187 (42) , and light density eosinophils can release up to 100 ng/106 cells (although these findings are in conflict with another study where <5 pg of PAF-acether were generated by normal density eosinophils [43] ). This suggests that activated cells have a considerably enhanced capacity to release PAF-acether, which could result in concentrations in the range 10-8 to 10-6 M, which we have found to be chemotactic for eosinophils.
It is well recognized that eosinophils are heterogeneous, consisting of normal density and light density cells that differ in their functional and morphologic properties (21) . The light density cells that are found in patients with an eosinophilia are generally regarded as being more activated than normal density cells (44). The eosinophils used in our study are obtained from patients with a considerable eosinophilia and are predominantly of light density. However, comparison of homogeneous cell populations demonstrates that there is no qualitative difference between the two, although there does appear to be greater locomotion to PAF-acether and LTB4 by light density eosinophils.
There are few reports of the in vivo effect of PAF-acether on humans. It had little effect on the vasculature of the nasal mucosa (45) , but caused a wheal and flare reaction in the skin with some subjects showing an early and late response (12) . Biopsy of the skin reaction revealed a florid infiltration of inflammatory cells but without any predominance of eosinophils. However, there was an increase in eosinophils in bronchoalveolar lavage fluid from baboons 1 h after challenge with aerosols of PAF-acether (15) .
Our experiments involved the use of mixed granulocyte populations, and PAF-acether has been shown to degranulate human neutrophils (13) , although cytochalasin B was a necessary requirement in this study. It is possible therefore that the effects of PAF-acether on eosinophils could be mediated in part by neutrophil-derived products. We feel however that this is unlikely, inasmuch as there was a clear association between the percentage of eosinophils and the degree of chemotaxis so that maximal chemotaxis was seen with >90% pure eosinophils. In addition, neutrophils placed in the lower compartment of the chamber together with PAF-acether did not affect the degree of eosinophil locomotion (data not shown).
In conclusion, our results have shown that PAF-acether is an extremely effective chemotactic factor for human eosinophils. It is generated by several human cell types, and could therefore play a major role in attracting eosinophils to the site of allergic inflammation.
